Endothelial damage and exposure of the subendothelium is accompanied by platelet adhesion and aggregation. Thermodynamically, adhesion will occur if this process decreases the total free energy of the system. In this investigation, we have developed a contact angle technique to measure relative changes in the surface free energy of the arterial wall, before and after the endothelium has been removed. Sections of descending thoracic aorta from seven rabbits were tested with an equilibrium two-phase system of 4% polyethylene glycol (mol wt: 20,000)/4% dextran (mol wt: 2,000,000) in Hepes-buffered physiological saline. The tissue was split longitudinally, immersed in the polyethylene glycol phase, and test droplets of the denser dextran phase were placed on its surface. Advancing contact angles of the drop were measured from photomicrographs taken with polarizing optics. After testing, the endothelium was removed with a saline jet, which we had calibrated previously with scanning electron microscopy, and the tissue was retested. We measured angles of 86.0 ±1.1° (SEM), n = 64 for the intact endothelium and 20.0 ± 0.8° (SEM), n = 61 on the subendothelial surface. Since the physical behavior of blood is probably similar to our polyethylene glycol bathing medium the subendothelium may also represent a surface of high interfacial free energy in vivo. Assuming that the surface energy of platelets is low, platelet adhesion to the subendothelium could reduce the total free energy of the system, by covering this high interfacial free energy surface.
OVER the last 10 years, it has been suggested that platelets play an important role in the initial stages of atherogenesis (Ross and Glomset, 1976; Kottke and Subbiah, 1978) . Platelets normally do not stick to the healthy endothelial lining of arteries, but adhere rapidly when injury exposes the subendothelial material (Groves et al., 1979) . Such adhesion, and subsequent platelet aggregation, promote development of lesions by inducing smooth muscle migration and thickening of the arterial wall (Ross et al., 1974) . Much of the research to date has concentrated on platelet biology, specifically on those mechanisms responsible for activation after the first platelets have adhered to the wall (Barrier and Ellison, 1977; Schafer and Handin, 1979) . However, few studies have appeared which investigate why platelets suddenly stick to the arterial wall and initiate the disease process in the first place. The key to answering this question may rest in examiningnot the platelet-but, rather, changes in the arterial wall prior to platelet involvement.
From the thermodynamic point of view, adhesion of cells to other cells or to foreign substances is favored if the change in the (Helmholtz) free energy for the process of attachment is negative; i.e., if the total energy of the exposed surface is decreased (Neumann et al., 1979) . This change is, per unit surface area, where Yes is the cell/substrate interfacial free energy, YCL is the cell/liquid interfacial free energy, and YSL is the substrate/liquid interfacial free energy.
In this free energy balance, the substrate may be any solid surface or another cell. Thus adhesion of a cell to a substrate is favored for relatively great cell/liquid and substrate/liquid interfacial free energies, or when the sum of the two free energies involving the liquid medium is greater than the cell/ substrate interfacial free energy: (3)
where 0 is the angle of contact the test fluid droplet makes on the tissue surface, y is the interfacial free energy and the subscripts L, D, and S denote the bulk liquid, the test droplet, and the substrate, respectively. Therefore, by using Young's equation to estimate changes in 7SL/ and Relation 2, one can predict whether a newly exposed substrate surface may promote or inhibit cell adhesion. We have used this method to compare the relative interfadal free energies of intact endothelium and exposed subendothelium. Such information can be used to assess the adhesiveness of arterial tissue for blood components such as platelets which may be important to the initiation of atherosclerosis.
Methods
We have used three different techniques in this investigation: (1) a contact angle method to determine changes in tissue surface free energy, (2) a saline jet technique to remove the endothelium, and (3) an isotope-labeling experiment to test for dextran adsorption artifact.
Contact Angle Method: Sample Preparation and Test System
We prepared an aqueous system of 4% polyethylene glycol (PEG) (mol wt: 20,000; Fisher Srientific)/4% dexrran (mol wt: 2,000,000; Pharmacia) in Hepes-buffered physiological saline solution (pH = 7.3) and allowed it to equilibrate overnight. The solution separates into two distinct equilibrium phases-a PEG-rich top phase which was decanted off and used as the tissue bathing medium, and a dextran-rich bottom phase which we used for test fluid droplets. Seven male New Zealand White rabbits (2-3 kg) were killed with an overdose of sodium pentobarbital administered intravenously. A 4-to 6-cm-long section of descending thoracic aorta was quickly dissected free of the animal and immersed in physiological saline solution. The aorta was cut longitudinally between the intercostal branches to expose the endothelium. We bonded the outer surface of the tissue to a small brass mounting bar with cyanoacrylic adhesive (Loctite), and placed the entire preparation inside a small viewing chamber filled with the PEG-rich bathing medium. A micromanipulator fitted with a micropipette was used to place small droplets (diameter a 0.1-0.2 mm) of the dexrran phase at random locations on the tissue surface. By illuminating the preparation from behind with polarized light, the droplet profiles could be observed through a dissecting microscope and photographed ( Fig. 1 ). We measured the contact angles of droplets sitting on the arterial surface from these photographs. All testing of the intact endothelium was done at room temperature (21°C) and was completed within 1 hour of removal from the animal. Two tissue specimens were inspected on the scanning electron microscope (SEM) to ensure that the removal and preparation of the artery had not damaged the endothelium.
Removal of Endothelium
To remove the endothelium to expose a smooth, homogeneous subendothelium, we adapted a fluid jet technique first suggested by Patel et al. (1979) . Physiological saline was forced through a capillary tube (inside diameter: 0.4 mm) at 140 kPa pressure onto the tissue while it was immersed in a saline bath. The jet orifice was positioned 1 mm above and perpendicular to the opened arterial surface with a micromanipulator. The flow rate and hence the amount of damage to the endothelium can be accurately controlled with a calibrated micrometer valve (Table   We performed mine the minimum flow rate required to remove the endothelium and the approximate diameter of the jetted area. Samples of fresh artery were exposed to a stationary jet for 10 seconds at flow rates between 0.03 and 0.07 liter/min. The areas of denudation were calculated from photomicrographs, using a computer with a digitizer interface. To estimate the amount of shrinkage due to tissue dehydration, we lightly scratched the surfaces of two fresh artery pieces with a grid pattern of known dimensions. A graduated micromanipulator fitted with a 25-gauge syringe needle was used for this purpose. After the sample had been prepared for the SEM, the grid dimensions were determined from photomicrographs and compared with the original measurements for fresh tissue. The corrected diameter of the jet path was used to determine the number of successive passes that would be required to denude the entire endothelial layer. To ensure that the endothelium had been completely removed from the arterial surface, the tissue specimen was surveyed with the SEM at low magnification (Fig. 2) .
Tissue samples were prepared for scanning, first by staining with a 0.25% AgNO 3 solution for 20 seconds, followed by fixation in a 1% phosphate-buffered glutaraldehyde:paraformaldehyde (1:1) solution for 8 hours. The tissue specimens were taken through a standard ethanol dehydration series, critical point dried and coated with gold-paladium before viewing on a Philips 501 SEM.
After we had tested the endothelium with the polymer system, we transferred the mounted artery from the viewing chamber to a bath of Hepes-buffered physiological saline. Then we removed the endothelium with several successive passes of the saline jet, using a flow rate of 0.07 liters/min (orificial flow velocity: 9.3 m/sec). At this flow rate, we had determined the width of the jet path to be at least 2.4 mm, and each pass was incremented by slightly less than this dimension to ensure overlap. The tissue preparation was reimmersed in the PEG solution and tested in exactly the same manner as described previously. Two sections of artery were exposed to the jet immediately after removal from the animal, without pretesting the intact surface. We observed no difference in the results we obtained for these samples. After the subendothelium had been tested, the tissue specimens were viewed on the SEM to verify that the endothelium had been removed from the experimental sample.
Dextran Adsorption Studies
Since the contact angle of the dextran droplet was extremely low on the subendothelial surface, we designed the following experiment to determine whether this result was an artifact of dextran absorption, or if the partially spread droplet was a true indicator of the tissue's surface properties.
Since dextran is a polymer of glucose, if adsorption was taking place, it should occur on the exposed saccharide groups of glycoproteins on the subendothelium. Concanavalin A (Con A) is a lectin known to interact with saccharide units on the cell surface (Wang et al, 1980) . We presumed that Con A would block or mask any available saccharide adsorption sites at the interface on the arterial wall.
Two fresh segments of aorta were jetted in the usual way to remove the endothelium. The tissue was cut into 1-cm lengths, and the outer surface was bonded to small plastic stubs. This ensured that only the luminal surface was exposed to the dextran solution. The arterial segments were incubated at room temperature for periods of 5, 10, and 20 minutes, in 5 ml of the 4% dextran solution, which contained 1.25 nC\ of M C-labeled dextran, mol wt 70,000 (New England Nuclear). The tissue was washed in saline, solubilized overnight in NCS tissue solubilizer (Amersham-Searle), and counted in a liquid scintillation counter. Two additional aortas were used in a second test group and treated with the same protocol, except the tissue was pretreated with 1.25 j*Ci of tritiated Con A (New England Nuclear) in 10 ml of physiological saline for 15 minutes, before exposure to the dextran solution.
Results

Contact Angles
Typical examples of droplets on fresh and jetted aortas are displayed in Figure 3 , and the results are summarized in Table 2 . A variance ratio test (Zar, 1974) justified pooling data from individual sections into experimental groups. We performed an unpaired Student's f-test on the cosines of the measured angles (see Equation 3 ) and found the difference between the means of the two test groups to be significant (P < 0.001).
Jet Removal of Endothelium
The results of our calibration tests of the saline jet have been summarized in Table 1 . The shrinkage experiments indicated that tissue dehydration decreased the arterial surface area by about 30%; therefore, the calculated areas of denudation were adjusted accordingly. This 30% value is consistent with other results for shrinkage artifact reported by McGarvey et al. (1980) . 
Dextran Adsorption
The results for the adsorption study are illustrated in Figure 4 . The two curves show no significant difference in activity per unit area for the dextran and Con A pretreatment groups. Although the concentration of the labeled Con A pretreatment solution was one-half that of the labeled dextran solution, labeling of the subendothelium with Con A was eight times higher than dextran, for the same incubation period (33,500 vs. 4,200 disintegrations/ min per cm).
Discussion
The results reported in Table 2 show that there is a significant change in the contact angle of the dextran droplet when the endothelium is removed from the arterial surface. A contact angle close to 90°, such as we measured on the intact endothelium, indicates that the substrate/droplet (dextran) and substrate/bathing fluid (PEG) interfacial free energies are almost the same. In other words, the endothelial surface has equal affinity for the dextran and PEG phases. However, after removal of the endo- thelium, the droplet almost spreads on the subendothelium (contact angle: 20°), indicating a greater similarity between the surface and the dextran-rich droplet. If this result were due to significant dextran adsorption on the subendothelium, we would have expected a substantial difference in the adsorption curve of the tissue pretreated with Con A. This was not observed (Fig. 4) . The amount of dextran label remaining in the tissue may be due to incomplete washing. The hyperbolic nature of the dextran curve indicates that dextran may be trapped in tissue unstirred layers, as suggested by Podesta (1977) and Luckie et al. (1974) . We therefore conclude that the low contact angle measured on the subendothelium is an accurate indicator of the tissue's surface properties, not an artifact of dextran adsorption. Phase-separated aqueous polymers offer several advantages over an oil-saline system which we used in a previous investigation to examine arterial wall interfacial free energies (Boyce et al., 1980) : (1) the interfacial tension between polymeric phases is extremely small ( = 3 x 10" 3 mN/m), so a test droplet is very sensitive to changes in a tissue's surface properties (Albertsson, 1971) . (2) the sensitivity of the system can be 'tuned' for a specific biological surface by adjusting the polymer concentrations (Schurch et al., 1981) . be made isotonic and buffered to sustain homeostasis (Little and Robinson, 1967) . Unfortunately, the contact angles obtained with this method cannot be converted to absolute interfacial free energies, because the calculation of the substrate/bathing medium interfacial free energy is dependent upon the substrate/droplet interfacial free energy, and this at present cannot be determined. It is possible however, to estimate relative changes of the substrate's interfacial free energy and predict how adhesion may be affected.
A rearrangement of Young's Equation 3 yields:
The right side of this equation may be easily determined. Since the PEG bathing liquid/dextran droplet interfacial free energy (7LD) is constant, the difference between the substrate interfacial free energies (7SL and 7 SD ) increases as 8 approaches zero. The 20° contact angle measured on the subendothelium indicates the the substrate/dextran interfacial free energy (7SD) has decreased relative to the substrate/PEG interfacial free energy (7SL)-In terms of molecular interactions, a decrease in interfacial free energy indicates a greater chemical similarity between the substrate and the dextran droplet. After removal of the endothelium, the substrate becomes more dextran-like or more hydrophilic, since dextran is more hydrophilic than PEG (Albertsson, 1971) . While an almost continuous basement membrane material forms the subendothelium of capillaries, venules, and arterioles, a similar electron dense material is neither continuous nor distinct in larger vessels such as the aorta (Baumgartner, 1974; Ts'ao and Glagov, 1970) . The subendothelium of the aorta consists of a fibrillar collagen network resting on the elastic lamina and embedded in an amorphous polysaccharide material (Sheppard and French, 1971) . The very hydrophilic nature of the subendothelium that we measure probably is due to this hydrated polysaccharide component. Unfortunately, because tissue dehydration is required for scanning and transmission electron microscopy, these methods cannot be used to visualize the same hydrated subendothelial surface that the test droplet reflects.
In our test system, the hydrophilic subendothelium is adjacent to a less hydrophilic (hydrophobic in relative terms) PEG-rich bathing medium. This produces a surface of higher interfacial free energy because the two adjacent phases are chemically dissimilar. Sherman (1981) has reported the surface tension of blood to be 53 ± 3 (SEM) mN/m at an air interface. We have measured the surface tension of our PEG bathing medium to be somewhat higher, about 62 ± 2 mN/m. These measurements imply that blood is slightly less hydrophilic (more hydrophobic) than the PEG bathing medium, which in turn is less hydrophilic than the subendothelium. Therefore, removal of the endothelium in vivo may Circulation Research/Vol. 53, No. 3, September 1983 expose a surface of higher interfacial free energy because a hydrophilic substrate (the subendothelium) forms an interface with a chemically dissimilar bathing medium (the blood).
Considering these findings, we can suggest a physical explanation for how endothelial damage and removal may intitiate platelet adhesion to the arterial wall. The intact endothelium presents a low interfacial free energy surface to the blood constituents which may inhibit platelet adhesion by making it thermodynamically unfavorable. However, damage and removal of the endothelium exposes a new surface of significantly higher interfacial free energy. This would shift the energy balance of the system favoring platelet adhesion by covering a high interfacial free energy surface with a lower one. The condition described by Relation 2 would be met in this situation, because the sum of the platelet/blood and subendothelium/blood interfacial free energies is greater than the platelet/subendothelium interfacial free energy. We assume that the platelet/ blood interfacial free energy is low. This is not unreasonable, considering the work of van Oss (1978) on the thermodynamics of phagocytic engulfment, which shows that cells with surfaces of high interfacial free energy are rapidly engulfed by phagocytes of the immune system. This would likely be the fate of platelets if they did not have surfaces of relatively low interfacial free energy. However, the thermodynamic theory as outlined here is applicable for only the first few seconds of endothelial injury, because it precludes platelet activation. Once the first platelets become adherent, they secrete substances which cause marked changes in platelet activity, leading to an active aggregation of platelets at the injury site (Schafer and Handin, 1979) .
Although the results presented here suggest a thermodynamic driving force behind initial platelet adhesion, such analysis reveals little about the specific details of platelet/subendothelium interaction. Platelets are capable of adhering to a plethora of natural and synthetic materials (Vroman and Leonard, 1974) , but it is fibrillar collagen found in the basement membranelike material of the subendothelium that elicits the most potent platelet activation response (Muggli and Baumgartner, 1973; Jaffe and Deykin, 1974) . Fibronectin, a nonspecific intercellular 'glue,' has been implicated by Bensusan et al. (1978) as the collagen receptor on platelets. However, fibronectin has not been identified on the platelet surface (Hynes et al., 1978) , and Zucker et al. (1979) have shown that fibronectin is released only after the platelet has been activated by collagen or thrombin. Other work (Engvall et al., 1978) indicates that fibronectin has a significantly stronger affinity for denatured, rather than native, collagen. Experiments performed by Santoro and Cunningham (1979) have led these workers to conclude that fibronectin has no unique role in the adhesion of platelets to collagen. In spite of intense efforts, no other convincing evidence for a specific high affinity receptor for collagen on the platelet surface has yet been found (Santoro and Cunningham, 1981) . These workers suggest that the current receptor-oriented model for the platelet-collagen interaction may have to be revised, especially concerning the high specificity and affinity requirements of the theory. Such information (or the lack of it) makes a generalized thermodynamic theory for initial platelet/substrate interaction appealing.
